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In the vertebrate embryo, spinal cord elongation requires FGF signaling that promotes the continuous development of the posterior
nervous system by maintaining a stem zone of proliferating neural progenitors. Those escaping the caudal neural stem zone, which is
expressed to Shh signal, initiate ventral patterning in the neural groove before starting neuronal differentiation in the neural tube. Here we
investigated the integration of D-type cyclins, known to govern cell cycle progression under the control of extracellular signals, in the
program of spinal cord maturation. In chicken embryo, we find that cyclin D2 is preferentially expressed in the posterior neural plate, whereas
cyclin D1 appears in the neural groove. We demonstrated by loss- and gain-of-function experiments that FGF signaling maintains cyclin D2
in the immature caudal neural epithelium, while Shh activates cyclin D1 in the neural groove. Moreover, forced maintenance of cyclin D1 or
D2 in the neural tube favors proliferation at the expense of neuronal differentiation. These results contribute to our understanding of how the
cell cycle control can be linked to the patterning programs to influence the balance between proliferation and neuronal differentiation in
discrete progenitors domains.
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Introduction (Catala et al., 1996), in which the neural plate is situatedDuring vertebrate development, the spinal cord elongates
progressively in a rostrocaudal sequence. Spinal cord mor-
phogenesis proceeds via two temporally and spatially dis-
tinct phenomena, primary and secondary neurulation, that
give rise to the cervicothoracic and lumbosacral regions,
respectively (Le Douarin et al., 1998). During primary
neurulation, the caudal neural plate invaginates to form
the neural groove, which closes progressively to give rise
to the neural tube (Smith and Schoenwolf, 1997). All the
early stages of spinal cord morphogenesis are represented in
the caudal region of 6–10 somite stage chicken embryos0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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This progressive molding of the spinal cord primordium
is correlated with modifications in the expression of tran-
scription factors. For instance, the caudal neural plate and
neural groove express the proneural gene homologue Cash4
(Diez del Corral et al., 2002; Henrique et al., 1997; Storey et
al., 1998) and the homeobox-containing gene Sax1 (Ber-
trand et al., 2000; Diez del Corral et al., 2002; Spann et al.,
1994); the closing neural tube expresses the paired box-
containing gene Pax6 and the Iroquois family gene Irx3
(Bertrand et al., 2000; del Corral et al., 2003; Novitch et al.,
2003; Pituello et al., 1999). The transition between the
‘‘caudal program’’ (Cash4on, Sax1on, Pax6off, and Irx3off )
and the ‘‘neural tube program’’ (Cash4off, Sax1off, Pax6on,
and Irx3on) is controlled by the paraxial mesoderm via the
opposing actions of the FGF and retinoid signaling path-
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Corral et al., 2002; Novitch et al., 2003; Pituello et al.,
1999). Thus, the caudorostrally decreasing gradient of FGF
signaling issued from the presomitic mesoderm maintains
caudal expression of Sax1 and Cash4 whereas it prevents
activation of Pax6. While FGF signaling decreases in the
neural groove, expression of Pax6 and Irx3 is enhanced by
retinoid signaling from the somite (del Corral et al., 2003;
Novitch et al., 2003). Furthermore, FGF8 represses retinoic
acid (RA) synthesis and RA down-regulates FGF8; these
cross-regulatory interactions contribute to coordinating tran-
scriptional programs as the spinal cord progressively
matures (del Corral et al., 2003). The expression of Pax6
and Irx3 is then rapidly down-regulated in the ventral neural
groove as a consequence of the appearance of Shh ventral-
izing activity, which in the mean time up-regulates the
expression of homeodomain proteins such as Nkx6 and
Nkx2 (Briscoe et al., 2000). FGF signaling exerts a weak
repression on these transcription factors, preventing the
caudal neural plate from expressing the ventralizing pro-
gram prematurely (del Corral et al., 2003; Novitch et al.,
2003). FGF signaling also contributes to the establishment
of the rostrocaudal expression pattern of genes of the HOXC
complex in motor neurons (Liu et al., 2001) and to the
fixing of the anterior boundary of HoxB expression in the
spinal cord (Bel-Vialar et al., 2002). Thus, as the rostral
limit of FGF activity retreats following the regression of
Hensen’s node, the ‘‘neural tube transcriptional program,’’
which reflects a more advanced state of neural epithelial
development, progresses caudally in synchrony with neural
tube closure; the neural plate and neural groove, still under
the influence of FGF, are maintained in an immature state
(Bertrand et al., 2000; del Corral et al., 2003; Diez del
Corral et al., 2002; Novitch et al., 2003).
With the exception of certain spinal interneurons that
withdraw from the cell cycle early on (Langman and
Haden, 1970; McConnell and Sechrist, 1980; Nornes and
Carry, 1978; Nornes and Das, 1974; Sechrist and Bronner-
Fraser, 1991), the neural plate-neural groove region is
composed of actively proliferating neural progenitor cells.
A few scattered cells expressing C-Delta-1 and considered
as prospective newly born neurons appear in the closing
neural tube region of 7–10 somite stage embryos (Henrique
et al., 1995; F. Pituello unpublished observations). Neuronal
differentiation begins soon after neural tube closure and
proceeds in a head-to-tail sequence following elongation of
the spinal cord primordium. It has been demonstrated that
attenuation of FGF signaling is also a prerequisite for the
initiation of neuronal differentiation (Diez del Corral et al.,
2002).
Besides controlling the transcriptional program related
to neural progenitor cell maturation and the onset of
neuronal differentiation, the presomitic mesoderm and
FGF signaling also organize changes in the pattern of cell
mobility in the caudal spinal cord primordium (Mathis et
al., 2001; Stern et al., 1991). It has been proposed that aproliferative ‘‘stem zone’’ is located adjacent to Hensen’s
node (Mathis et al., 2001). While some neural progenitor
cells continue to reside in this region during spinal cord
elongation, others are displaced from the stem zone and
spread out along the neural groove by convergent exten-
sion movements that gradually slow down as the cells
move away from the caudal region (Mathis et al., 2001;
Stern et al., 1991). Expression of a dominant-negative
FGF receptor in the caudal neural plate region drastically
interferes with the elongation of the spinal cord primordi-
um because cells leave the stem cell zone prematurely and
change their pattern of movement as if they had aged.
FGF signaling could thus promote the continuous devel-
opment of the posterior nervous system by maintaining a
stem zone of proliferating progenitors that contribute
sequentially to the elongating spinal cord during the
regression of Hensen’s node (Mathis et al., 2001). Taken
together, these observations indicate that FGF signaling
plays a key role in the control of spinal cord maturation by
maintaining the caudal neural progenitor cells in an
immature state.
How the control of cell cycle progression is integrated in
the early phases of spinal cord maturation remains un-
known. Interestingly, during mouse central nervous system
development, it has previously been reported that the three
cyclins D (D1, D2, and D3) are expressed in dynamic, and
often complementary, domains along the anteroposterior (A/
P) axis, including at the neural groove-neural tube transition
(Wianny et al., 1998). Induced by growth factor stimulation,
D-type cyclins assemble with cyclin-dependent kinases
CDK4/6 to facilitate G1 progression by phosphorylating
key substrates, including the tumor suppressor retinoblasto-
ma protein (pRb) (Ho and Dowdy, 2002).
The proposed role of D-type cyclins in coupling extra-
cellular signals to the cell cycle machinery prompted us to
(i) examine cyclins D1 and D2 expression at the neural
groove-neural tube transition in the chicken embryo and (ii)
identify the signaling pathways controlling their expression
in this region of the embryo, (iii) to define the influence of
these regulators of progression through G1 on the balance
between proliferation and neuronal differentiation.Materials and methods
Embryos
Fertile hens’ eggs, obtained from a local supplier, were
incubated at 38jC in a humidified incubator to yield
embryos of appropriate stages (Hamburger and Hamilton,
1992).
Microsurgery
Embryos at the 7–10 somite stage were prepared, oper-
ated, and incubated as described in details elsewhere
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mesoderm, embryos were pinned dorsal side down, through
the area opaca, on Sylgard-coated dishes containing
Tyrode’s solution. The embryos were operated on from
ventral side to preserve the normal relationship of the
neuroepithelium with the nonneural ectoderm and the no-
tochord and reincubated in the dish at 38jC in a humidified
atmosphere for 3 h.
Heparin-coated acrylic beads were rinsed in PBS for 15
min and incubated in FGF8 or FGF4 (50 Ag/ml), or in FGF7
(250 Ag/ml). After 2 h on ice, the beads were rinsed in PBS
and grafted. Control beads were incubated in PBS. The
presomitic mesoderm extending from levelI to Hensen’s
node or only a piece of it (levelII) was eliminated on one
side of the embryo, a bead was grafted at levelII, and the
embryo was reincubated in Tyrode’s solution for 2 1/2 to 3
h at 38jC (Bertrand et al., 2000).
Drug administration
Inhibition of FGFR1 signaling was achieved by incubat-
ing embryos in petri dishes in Tyrode’s solution supple-
mented with SU5402 (Calbiochem) (50 AM) for 4 h. Shh
signaling was inhibited as described elsewhere (Incardona et
al., 1998). Briefly, cyclopamine (Toronto Research Chem-
ical) was produced by suspending 1 mg of powder in 1 ml
45% 2-hydroxypropyl-h-cyclodextrin (HBC; Sigma) in
sterile PBS and stirring for 1–2 h at 65jC. One to 2 Ag
equivalent of cyclopamine–HBC solution was injected in
ovo in the neural tube-neural groove region. The eggs were
then reincubated for 6–7 or 12 h. Control embryos were
treated with HBC alone under the same conditions.
Electroporation
The entire Shh cDNA (a gift from C. Tabin) was cloned
in pIRES2-EGFP (Clontech). Cyclins D1 and D2 coding
regions (a gift from V.J. Kidd) were inserted in pCIG (a gift
fom A. McMahon). This vector contains a CMV enhancer,
h-actin promoter, and an internal ribosome entry sequence
(IRES), followed by a nuclear localized green fluorescent
protein (GFP) (Megason and McMahon, 2002). Control
electroporations were carried out with pIRES2-EGFP or
pCIG vector alone. The different DNA constructs were
electroporated as previously described (Itasaki et al.,
1999). One to 2 Ag of DNA was injected in the caudal
neural plate preneural tube using a glass pipette. Electrodes
were positioned on each side of the sinus rhomboidalis, and
four to five pulses at 18 V were applied to allow unilateral
entry of the DNA into the neural primordium, the non-
transfected half constituting the control.
In situ hybridization
Automated in situ hybridization was performed using an
InsituPro machine (Intavis). Detailed protocol can beobtained on request. Manual in situ experiments were carried
out essentially as described by Henrique et al. (1995) with
hybridization buffer 5 SSC. Gene expression patterns were
analyzed using the antisense digoxigenin–RNA probe pre-
pared from the 5V end (870 bp) of cyclin D1 cDNA and the
coding region of cyclin D2 cDNA (1.1 kb), gifts from V.J.
Kidd; chicken Gli 1 cDNA (2.2 kb), Shh cDNA (1.6 kb), and
Patched1 cDNA (802 bp), gifts from C. Tabin. NeuroM
probe was synthesized from isolated specific PCR fragments
to avoid any cross-reactivity with the transgenes. The pri-
mers used were 5V-ATGACGAAGAAGACGTACACC-3V
and 5V-GTAATACGACTCACTATAG GGCTACTCGTT-
GAAG-3V for NeuroM. Cyclin D1, cyclin D2, and GFP
transgenes were detected using fluorescein–RNA probes
synthesized on PCR templates obtained with the following
primers: 5V-AGAGCGAGCGAGAGACTGAC-3V and 5V-
GTAATACGACTCACTATAG GGCACATCAGTGGG-3V
for cyclin D1; 5V-ACATGGAGTTGCTGTGCTGC-3V and
5 V-GTAATACGACTCACTATAG GGCTCTCACATC-
TGTG-3V for cyclin D2; 5V-AGTTCATCTGCACCACC-3V
and 5V-GTAATACGACTCACTATAGGGCTTGTACAG-
CTCG-3V for GFP, with the underlined region corresponding
to the T7 promoter. Vibratome sectioning was performed as
previously described (Pituello et al., 1995).
Cell proliferation analysis
Cell proliferation was evaluated by bromodeoxyuridine
(BrdU) incorporation (BrdU labeling and detection kit I;
Roche). BrdU (10 mM) was injected into the lumen of the
neural tube and the embryos were harvested 30 min later.
BrdU immunodetection was performed on 12 Am frozen
sections.
Immunohistochemistry
Immunohistochemistry was performed on whole-mount
embryos using the monoclonal antibody directed against the
neuronal class III h-tubulin (TUJ1, BAbCO). Embryos were
fixed overnight in 4% paraformaldehyde at 4jC, rinsed in
PBS and incubated for 20 min in 0.5% Triton X-100. After
incubation for 1 h in 1% bovine serum albumin (BSA) in
PBS, the primary antibody was applied at 1:2000 dilution in
0.1% BSA–0.5% Triton X-100 PBS, and the samples were
incubated overnight at 4jC. Samples were then washed
three times in 0.1% BSA PBS and incubated with appro-
priate biotinylated secondary antibodies (1:50; Amersham)
for 4 h at room temperature or overnight at 4jC. After five
washes in PBS, the samples were incubated in streptavidin–
rhodamine (1:50 in PBS) for 15 min, rinsed and placed in
glycerol 80% for analysis with a confocal microscope
(Zeiss).
Prior performing immunohistochemistry on frozen sec-
tions, embryos were selected on GFP expression. Analyses
were carry out on 12 Am frozen sections with the follow-
ing combinations: the monoclonal antibody directed
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antibody recognizing the neuronal class III h-tubulin
(TUJ1, Covance; dilution, 1:1000); the monoclonal anti-
body TUJ1 described above and the polyclonal anti-phos-
pho-histone H3 (P-H3; Upstate biotechnology; dilution
1:1000). The sections were postfixed for 20 min in
formaldehyde 3.7%. For BrdU immunodetection, sections
were incubated for 30 min in 2 N HCl and rinsed twice 10
min in 0.1 M Na2B4O7, pH 8.9. The sections were
preblocked for 1 h in 1% BSA–0.5% Triton X-100 PBS.
The primary antibody was applied at the appropriate
dilution and incubated for 1 h at 37jC or overnight at
4jC. After washes in PBS 0.1% Triton, the secondary
antibody was applied (rhodamine-conjugated anti-mouse or
anti-rabbit IgG; biotinylated-conjugated anti-mouse or anti-
rabbit IgG and streptavidin-alexa-647). Following washes
in PBS, sections were mounted using Mowiol 4-88
(Hoechst) and observed using a confocal microscope.
The percentage of transgenic neural precursor cells in S-
and M-phase were determined by counting the number of
total GFP nuclei per section and the number of nuclei
expressing both GFP and BrdU or both GFP and P-H3 on
optic confocal sections of 3 Am in thickness.Fig. 1. Spatiotemporal pattern of expression of cyclins D1 and D2 during
spinal cord elongation. (A–F) Cyclin D1 expression visualized by in situ
hybridization on 6 somite (A) and 10 somite (B–F) stage embryos. Note
that the transcripts are detected more caudally in the neural groove than in
the presomitic mesoderm (arrowhead in B). (C–F) Cross sections of a 10
somite stage embryo, respectively, at the levels of the neural groove (E and
F), preneural tube (D), and neural tube (C). Notice the appearance of cyclin
D1 on both sides of the floor plate in the neural groove (arrows in E and F).
(G–L) Cyclin D2 expression visualized by in situ hybridization on 6 somite
(G) and 10 somite (H–L) stage embryos. (I –L) Cross sections of a 10
somite stage embryo, respectively, at the levels of the neural groove (K and
L), preneural tube (J), and neural tube (I) levels. The thin arrow marks the
last segmented somite in A, B, G, and H.Results
Maturation of the spinal cord primordium correlates with a
dynamic expression of cyclins D1 and D2
We defined the expression domains of cyclins D1 and D2
by in situ hybridization, on embryos between 6 and 10
somites, focusing primarily on the neural groove-neural tube
transition. During spinal cord elongation, transcripts encod-
ing cyclin D1 are clearly detectable in the neural groove and
in the neural tube but are barely visible in the caudal neural
plate (Figs. 1A–F). As can be seen on cross sections of the
caudal region of a 10 somite stage embryo (Figs. 1C–F),
cyclin D1 expression is very dynamic along the dorsoventral
axis of the spinal cord primordium. The transcripts appear in
the neural groove on both sides of the floor plate (Fig. 1F)
and expand rapidly to include the entire lateral walls of the
preneural tube (Fig. 1D) before becoming restricted to the
dorsal aspect of the closed neural tube (Fig. 1C). Interest-
ingly, cyclin D1 expression progresses in the same way in
the paraxial mesoderm during embryo elongation (Figs.
1A–B). Transcripts are present in the somites and in the
rostral part of the presomitic mesoderm prefiguring the next
somite to be formed but are absent from the more caudal
unsegmented presomitic mesoderm. The caudal limit of
activation is more posterior in the neural groove (Fig. 1B,
arrowhead) than in the presomitic mesoderm. Hence, the
dynamics of cyclin D1 expression along the rostrocaudal
axis of the embryo suggest that this molecule is associated
with the maturation both of the neuroepithelium and the
paraxial mesoderm.Conversely to cyclin D1, cyclin D2 is strongly expressed
in the caudal neural plate and neural groove, and expression
continues in the posterior region of the spinal cord primor-
dium as it elongates (Figs. 1G–L). In the neural groove, the
transcripts are expressed in a caudorostrally decreasing
gradient (Figs. 1J–L). Cross sections through a 10 somite
Fig. 2. The presomitic mesoderm inversely regulates expression of cyclins
D1 and D2. (A) Diagrammatic representation of the microsurgical deletion.
Note that the normal relationship of the neuroepithelium with the nonneural
ectoderm and the notochord is preserved. (B–E) In situ hybridization on 10
somite stage operated embryos revealing cyclin D1. Deletion of the
presomitic mesoderm leads to premature activation of cyclin D1 expression.
(C–E) Cross sections at the levels shown in B (dashed lines). Note that the
activation of cyclin D1 extends from the floor plate area on the operated
side. (F– I) In situ hybridization on 10 somite stage operated embryos
revealing cyclin D2. Removal of the presomitic mesoderm leads to down-
regulation of cyclin D2 expression. (G– I) Cross sections at the levels
shown in F (dashed lines). Arrows in B and F show the anterior and
posterior limits of the deletion.
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transcripts in the entire neural groove except for the floor
plate region (Figs. 1K and L). Expression still detectable in
the preneural tube becomes rapidly restricted to the dorsal
neural tube after closure (Figs. 1I and J).
Hence, the transition between cyclins D2 and D1 seems
to accompany the switch from an early (posterior) to a
later (anterior) state of neuroepithelial development. The
dynamics of their expression patterns suggest that these
regulators of the cell cycle may be governed by the same
signaling pathways as those controlling the aging of the
neuroepithelium.
Deleting the paraxial mesoderm affects the expression level
of both cyclins D1 and D2 in the neuroepithelium
One key element controlling the maturation of the neuro-
epithelium is the paraxial mesoderm (see Introduction).
Deleting the presomitic mesoderm leads to a switch from
an early (posterior) to a later (anterior) state of neuro-
epithelial development. We decided to determine whether
cyclins D1 and D2 were also subject to control by the
presomitic mesoderm.
Deleting the presomitic mesoderm in 7–10 somite stage
embryos (Fig. 2A) led, after 3 h, to a clear increase of cyclin
D1 transcripts (n = 14/21) (Figs. 2B–E). Interestingly, the
up-regulation of cyclin D1 displayed an obvious ventrodor-
sally decreasing gradient (Figs. 2C–E), reminiscent of the
gradient of Shh ventralizing activity that spreads from the
floor plate area (see below and Figs. 4A–D). Conversely,
deleting the presomitic mesoderm resulted, within 3 h, in a
dramatic decrease in cyclin D2 transcripts (n = 21/26),
mainly in the rostral part of the neural groove (Figs. 2G
and H). The caudal part of the neural plate was not affected
by these deletions (Fig. 2I).
We conclude that the presomitic mesoderm restrains the
caudal progression of cyclin D1 in the neural groove and is
necessary for the maintenance of the gradient of cyclin D2
observed in the neural plate and neural groove.
FGF activity controls the expression of the cell cycle
regulators, cyclins D1 and D2, in opposite ways
FGF8 is present as a caudorostrally decreasing gradient
in the presomitic mesoderm, and FGR receptor 1 (FGFR1)
is expressed throughout the neuroepithelium (Bertrand et al.,
2000; Walshe and Mason, 2000). The fact that deleting the
presomitic mesoderm affects expression of both cyclins D1
and D2 encouraged us to try to determine how these cell
cycle regulators are integrated in the ‘‘posteriorizing’’ pro-
gram controlled by FGF8. So we analyzed the consequences
on the expression of each cyclin after FGF signaling
enhancement or blockade.
Grafting a heparin bead soaked in FGF8 at levelII and
leaving the embryo until the bead had reached levelI to 0
(i.e., around 3 h after grafting) led to a down-regulation ofcyclin D1 transcripts in the preneural tube-neural tube
regions (n = 8/15 with 4/8 embryos displaying a strong
effect as shown in Figs. 3B and D and 4/8 showing a less
important but clear effect), compared to grafting a heparin
bead soaked in PBS (n = 0/21) (Figs. 3A and C). The
Fig. 3. FGF8 maintains cyclin D2 expression and restrains cyclin D1 progression in the neural groove. In situ analysis of the expression of cyclin D1 (A–H)
and cyclin D2 (I –P) following modulation of the FGF signaling pathway. (A and C) Replacing a piece of presomitic mesoderm in positionII by a PBS-soaked
bead has no effect on cyclin D1 expression. (B and D) The same experiment performed with an FGF8-soaked bead results in a slight down-regulation of cyclin
D1 expression. (C and D) Cross sections at the level of the beads in A and B, respectively. The embryo in B is representative of the stronger effects we
observed. (E–H) Treating embryos with SU5402 (F and H), an inhibitor of the FGF signaling pathway, slightly increases the level of cyclin D1 transcripts
compared with DMSO-treated embryos (E and G) as clearly visualized after paraxial mesoderm dissection. The dashed lines in E and F indicate the level of
cross sections in G and H, respectively. (I –L) After deletion of presomitic mesoderm, grafting an FGF8-soaked bead restores high levels of cyclin D2
transcripts (J and L). The down-regulation of cyclin D2 following presomitic mesoderm deletion is unaffected by grafting a PBS-soaked bead (I and K). (K and
L) Cross sections at the level of the beads (arrowheads) in I and J, respectively. (M–P) Treating embryos with SU5402 (N and P) significantly decreases the
level of cyclin D2 transcripts compared with DMSO-treated embryos (M and O). The dashed lines in M and N indicate the level of cross sections in O and P,
respectively.
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drastic (Figs. 3A–D). Conversely, treating embryos for 4
h with SU5402, a protein tyrosine kinase inhibitor that
blocks autophosphorylation of receptors including FGFR1,
increased the level of cyclin D1 transcripts (n = 10/14)
(Figs. 3E–H), mainly in two spots flanking the floor plate
area. These observations suggest that FGF signaling path-way modulates the level of cyclin D1 expression and that a
reduction of FGF signaling activity is a prerequisite for its
full activation.
To see if FGF signaling pathway contributes to main-
taining a high level of cyclin D2 in the caudal neural groove,
we tested whether grafting an FGF8-loaded heparin bead
could rescue the effects of deleting the presomitic meso-
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high level of cyclin D2 expression maintained in the
presence of FGF8, but it was increased compared with the
contralateral control side (n = 7/10 versus 0/8 with PBS-
soaked beads) (Figs. 3I–L). Replacing a small piece of
rostral presomitic mesoderm by an FGF8-containing bead
produced a clear reinforcement of cyclin D2 expression in
the neural groove (n = 18/24 versus 0/9 with PBS-soaked
beads). Similar experiments were performed with other
FGFs. FGF4 mimicked the effect of FGF8 (n = 4/4), while
FGF7 (KGF) had no effect (n = 0/3) (data not shown). Thus,
maintaining the FGF signaling pathway active is sufficient
to prevent the shutdown of cyclin D2 expression, and the
subset of FGFs that is able to produce this effect is the same
as that which controls the caudal transcriptional program in
the posterior neural groove (see Introduction). We then
asked whether the FGF signaling pathway was necessary
for the maintenance of cyclin D2 expression in the caudal
neural groove. To answer this question, we blocked the FGF
transduction pathway by SU5402 treatment. Under these
conditions, cyclin D2 was strongly down-regulated (n = 12/
12 versus 0/10 in DMSO-treated embryos) (Figs. 3M–P).
These results show that the FGF signaling pathway is
necessary to maintain a high level of cyclin D2 transcripts
in the neural groove.
All together, these data show that FGF8 activity sustains
cyclin D2 expression in the neural groove. Conversely,
attenuation of FGF signaling is necessary for up-regulation
of cyclin D1. The maintenance of cyclin D2 could thus
represent an integral component of the posteriorizing pro-
gram controlled by the FGF signaling pathway.
Initiation of cyclin D1 expression in the neural groove
depends on the activity of Shh
During CNS development, Shh is required for cyclin D1
expression in the diencephalon and midbrain regions in
early somite stage mouse embryos (Ishibashi and McMa-
hon, 2002) and has been shown to up-regulate the level of
cyclin D1 in cerebellar granule neuron precursors (Kenney
and Rowitch, 2000). Interestingly, Shh is expressed in the
entire notochord and is detected in the floor plate at the
neural groove level (Figs. 4A and C). Its target genes, such
as the transcriptional regulator Gli1, appear in the neural
groove close to the site of cyclin D1 expression (Figs. 4B
and D compare with Figs. 1B and D). We therefore asked
whether the activation of cyclin D1 in the neural groove
was an early response to Shh activity in the maturing
neuroepithelium.
To test this possibility, a Shh expression construct was
transfected in the caudal neural plate of HH stage 10
embryos by in ovo electroporation. As shown in Figs.
4E–G, 6–7 h after Shh transfection, we observed a clear
up-regulation of cyclin D1 on the electroporated side (n =
19/20). The effect was non-cell autonomous since, despite
the fact that only a few cells misexpressed Shh, cyclin D1transcripts were found to extend through the entire lateral
wall of the neuroepithelium. Cyclin D1 expression was not
modified in embryos transfected in the same way with an
empty vector (n = 12; data not shown). This effect was
specific to cyclin D1 since the presence of Shh-expressing
cells in the dorsal region of the neural tube did not expand
the domain of cyclin D2 expression (n = 0/17) (Figs. 4H
and I). Furthermore, Shh expression in the neural groove
did neither lead to a down-regulation of cyclin D2 (Fig.
4J). Together, these data show that Shh activity is suffi-
cient to induce a premature activation of cyclin D1 and
does not modify cyclin D2 expression. This suggests that
cyclin D1 is a specific target up-regulated by Shh in the
neural groove.
The next step was to determine whether the initiation of
cyclin D1 expression in the preneural tube was Shh depen-
dent. To address this question, we blocked the Shh signaling
pathway by means of cyclopamine treatment (Incardona et
al., 1998). We injected cyclopamine complexed with 2-
hydroxypropyl-h-cyclodextrin (HBC) as a carrier or HBC
alone in the neural tube and neural groove of stages 9–10
chicken embryos and analyzed the effect 6–12 h later.
Cyclopamine injection resulted in a drastic reduction of
the expression of Shh known target genes, such as Gli1 (n =
17/21) (Figs. 5A–F). Likewise, a strong down-regulation of
cyclin D1 transcripts was observed in the neural groove-
neural tube regions (n = 26/29) (Figs. 5G–L). Analysis of
cross sections through these embryos confirmed the drastic
effect of this treatment on the neuroepithelium (compare H
with K and I with L). The staining in the paraxial mesoderm
did not appear modified; however, taking into account the
way cyclopamine was administrated (injected with a carrier
in the neural tube-neural groove), we cannot exclude the
possibility that its diffusion was limited and that the inhib-
itor did not reach the paraxial mesoderm. The pan-neural
marker Sox2 was not significantly affected by cyclopamine
treatment (data not shown), indicating that the effect on
cyclin D1 was not due to nonspecific toxicity. Finally, cyclin
D2, whose expression persists in the caudal neural region
during spinal cord elongation, was also unaffected by
cyclopamine treatment (n = 1/17 embryo displaying a faint
reduction of cyclin D2 expression) (Figs. 5M–R).
Therefore, we propose that the initiation of cyclin D1 in
the neural groove is Shh dependent, whereas cyclin D2 does
not respond to this signaling pathway, at least in this region
of the embryo.
The overexpression of cyclin D2 or D1 in the neural
epithelium impedes neuronal differentiation while
increasing the rate of proliferating neural progenitors
Attenuation of FGF signaling in the neural tube is a
prerequisite for the initiation of neuronal differentiation
(Diez del Corral et al., 2002). Since cyclin D2 is part of
the FGF posteriorizing activity and is known to facilitate G1
progression in the cell cycle, we hypothesized that one of
Fig. 4. Misexpressing Shh specifically up-regulates cyclin D1 in the neural groove. (A–D) In situ hybridization to detect Shh (A and C) and an effector, the
zinc-finger transcription factor Gli1 (B and D), at the level of the neural groove in 10 somite stage embryos. (E–G) Misexpressing Shh in the neural groove
leads within 6 h to an up-regulation of cyclin D1. The effect is non-cell autonomous since only a few expressing cells are sufficient to induce cyclin D1 up-
regulation throughout the electroporated neuroepithelium. (H–J) Misexpressing Shh in the neural groove has no effect on cyclin D2 expression. Dashed lines
indicate the levels of the cross sections.
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the cell cycle preventing them from differentiating. To test
this hypothesis, we misexpressed cyclin D2 in the neural
tube and analysed neuronal differentiation using as markers
the bHLH transcription factor Math3/NeuroM (referred to
here as NeuroM), which is transiently expressed in differ-
entiating neurons (Roztocil et al., 1997), and a neuron-
specific h-tubulin isoform, TUJ1, characteristic of neuronal
cells during or immediately after their final cell division.
(Moody et al., 1989).
A cyclin D2-IRES-GFP expression construct was trans-
fected by in ovo electroporation on the left side of the
caudal neural plate preneural tube of HH stages 10–11
embryos. NeuroM expression was examined 6–24 h later,
by which time the electroporated region had contributed to
the neural tube, which expressed NeuroM on the contra-
lateral side (Figs. 6A–F). NeuroM expression was clearly
impeded in the cyclin D2-expressing domain in 12/17 ofthe embryos (Figs. 6A and B). To further ascertain
whether maintenance of cyclin D2 affected neuronal dif-
ferentiation, we analysed the expression of TUJ1. As
shown in Figs. 6G and H, expression of cyclin D2 in
the neural tube dramatically reduced TUJ1 expression (n =
11/15). Together, these data show that the maintenance of
cyclin D2 in the neural tube interferes with neuronal
differentiation.
We then wished to determine whether cyclin D1 pheno-
copies cyclin D2 effect on neuronal differentiation. To this
end, misexpression experiments were performed in the
same way with a cyclin D1-IRES-GFP expression con-
struct. Again NeuroM (n = 5/11) (Figs. 6C and D) and
TUJ1 (n = 4/12) (Figs. 6I and J) expression were inhibited.
An empty vector had no significant effect on NeuroM or
TUJ1 staining, which was reduced in 1/11 and 1/9 embryos,
respectively (Figs. 6E, F, K, and L). A quantitative analysis
performed on NeuroM expression 12 h after misexpressing
Fig. 5. Blocking Shh signaling specifically down-regulates cyclin D1 expression. (A–F) In situ hybridization to reveal the expression of Gli1, a target gene of
the Shh signaling pathway, in embryos treated with vehicle, HBC (A–C), or cyclopamine (D–F). Note the strong inhibition of Gli1 expression in the
experimental embryos. (A and D) Dorsal views of whole-mount 14 somite stage embryos. Cross sections are situated, respectively, at the somitic (B and E) and
presomitic (C and F) levels of the corresponding whole-mount embryos. (G–L) In situ hybridization to reveal cyclin D1 expression in control (treated with
HBC; G–I) or cyclopamine-treated (J–L) embryos. Note the strong decrease of cyclin D1 transcripts in the preneural tube and in the neural tube, including the
most dorsal part. (G and J) Dorsal views of whole-mount 15–16 somite stage embryos. Cross sections are located, respectively, at the somitic (H and K) and
presomitic (I and L) levels of the corresponding whole-mount embryos. (M–R) In contrast, cyclopamine treatment has no effect on cyclin D2 expression. (M
and P) Dorsal views of whole-mount 15 somite stage embryos. Cross sections are located, respectively, at the somitic (N and Q) and presomitic (O and R)
levels of the corresponding whole-mount embryos.
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both cyclins affect neuronal differentiation.
D-type cyclins are components of the core cell cycle
machinery known to facilitate G1 phase progression. There-
fore, overexpression of D-type cyclins may delay the onset
of neuronal differentiation by increasing the rate of prolif-
erating neural precursor cells, thus preventing cell cycle
exit. To test this hypothesis, we misexpressed cyclin D2 orD1 in the neural tube and determined the rate of proliferat-
ing neural precursors. Misexpression experiments were
performed in the same conditions as those described for
NeuroM or TUJ1 analyses. Taking advantage of the nuclear
GFP, we quantified the percentage of electroporated cells
incorporating the thymidine analogue BrdU. Embryos were
treated for 30 min with BrdU, with such a short pulse,
mainly cells in S-phase are detected (Murciano et al., 2002).
Fig. 6. Misexpressing cyclins D1 and D2 in the neural tube affects neuronal differentiation. (A–F) Double in situ hybridization showing the effect of in ovo
electroporation of cyclin D2 (A and B), cyclin D1 (C and D), or the corresponding control vector (E and F) on NeuroM expression (NeuroM is in blue, the
cyclin transgenes in red). Note that NeuroM-positive cells are virtually absent from the regions of cyclin misexpression. (A, C, and E) Dorsal views of whole-
mount embryos. (B, D, and F) Cross sections, respectively, through A, C, and E. Three to four embryos were used for each treatment and the number of
NeuroM-positive cells was counted on 10–34 sections per embryo. The histogram represents the mean percentage of sections containing fewer (red), equal
numbers of (white), or more (blue) NeuroM-positive cells on the electroporated side compared with the contralateral control side. Note that in control embryos,
the majority of the cross sections contains the same number of NeuroM-positive cells on both sides. Misexpressing cyclins D2 or D1 reduces the percentage of
sections with the same number of NeuroM-positive cells on both sides and increases the percentage of those with less NeuroM-positive cells on the
electroporated side. (G–L) Immunohistochemical demonstration, by confocal imaging in whole-mount embryos, of the consequences on Tuj1 expression (red)
of misexpressing cyclin D2 (G and H), cyclin D1 (I and J), or an empty vector (K and L). The transgenic cells are labeled by nuclear-localized GFP.
Maintaining the expression of either cyclin strikingly inhibits Tuj1 expression.
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mitosis by using an antibody against phospho-histone H3.
These analyses were performed on cryostat sections from
embryos displaying a reduction of TUJ1 immunostaining
(data not shown).
In a population of neural progenitors electroporated with
the empty vector (pCIG-IRES-GFP), 30% of the GFP-
expressing cells are BrdU positives (Figs. 7A–C and J).
Misexpressing cyclin D2 or D1 significantly increases this
percentage up to 47.5% and 48%, respectively (Figs. 7D–I
and J). These data show that maintenance of cyclin D2 or D1Fig. 7. Misexpressing cyclin D1 or D2 increases the rate of proliferating neural pro
D2 (D–F), or cyclin D1 (G– I) were subjected to 30 min BrdU pulse labeli
immunodetection (in red) was performed on 12 Am transverse cryostat sections (A–
area in A, D, and G, respectively. Note that cells coexpressing BrdU and GFP (yello
E, and H. (J and K) Quantification of the percentage of electroporated cells that
following cyclin D2 (red bar), cyclin D1 (blue bar), or the control vector (white
construct and cell count analysis was performed on four to five sections per em
electroporated cells, which are BrdU (J) or P-H3 (K) positive. In control embryos,
or D1 increases this value up to 47.5% (P < 0.01, Student’s t test) and 48% (P < 0.0
positive is also increased after cyclin D2 or D1 electroporation from 2.5% in contro
test), respectively.increase the rate of cells in S-phase, suggesting that these
cyclins increase the rate of proliferating neural progenitors.
To confirm this point, we quantified on adjacent cryostat
sections the percentage of electroporated cells immunos-
tained for phosphorylated histone H3 (P-H3) (data not
shown). The population of cells electroporated with the
empty vector include 2.5% (F0.3 SEM) of P-H3-positive
cells (Fig. 7K). The percentage raises to 5.6% (F1 SEM) and
4.9% (F0.4 SEM) in neural progenitors electroporated with
cyclin D2 or D1, respectively (Fig. 7K). Altogether, these
data show that cyclins D1 and D2 increase the proliferationgenitors. (A– I) Embryos electroporated with a control vector (A–C), cyclin
ng immediately before collection 24 h following electroporation. BrdU
I). B and C, E and F, and H and I show higher magnifications of the framed
w) are clearly distinguishable from those expressing only GFP (green) in B,
are BrdU positive (J) or stained with anti-phospho-histone H3 (P-H3) (K)
bar) electroporation. For each marker, three embryos were used for each
bryos. Histogram represents the mean F SEM of the percentage of the
30% of the electroporated cells are BrdU positive. Misexpressing cyclin D2
1, Student’s t test), respectively. The percentage of electroporated cells P-H3
l embryos to 5.6% (P < 0.01, Student’s t test) and 4.9% (P < 0.01, Student’s t
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itors to progress in G1 thus keeping them cycling.
Finally, given the redundant nature of cyclins D in mice
(Ciemerych et al., 2002) and the fact that cyclin D1 can act
as a transcriptional regulator (for a review, see Coqueret,
2002), we checked whether cyclin D2 is up- or down-
regulated in response to cyclin D1 overexpression and vice
versa. Misexpressing cyclin D1 or D2 has no effect, respec-
tively, on the endogenous level of cyclins D2 and D1 (data
not shown), suggesting that the effects observed on neuronal
progenitor cells do not reflect a cross-talk between these
molecules.
Taken together, these data show that maintenance of
cyclin D2 or D1 in the neural tube increases the proliferation
rate and impedes neuronal differentiation. This suggests that
their presence in the caudal neural plate and neural groove
contributes to keep this neuroepithelial region in an imma-
ture proliferating state.Discussion
In the present study, we show that a sequential expression
of cyclins D2 and D1 accompanies the progressive matura-
tion of the spinal cord primordium in chicken embryo.
Cyclin D2 is strongly expressed in the immature caudal
neural plate, whereas cyclin D1 transcripts appear later on in
the maturing neural groove, where cyclin D2 declines.
Transcription of cyclins D1 and D2 is regulated by signaling
pathways involved in the control of the maturation and
specification of the neural progenitor cells. The FGF sig-
naling pathway is required to maintain cyclin D2 expression
in the caudal neural plate while blocking cyclin D1 activa-
tion. In the maturing neural groove, only cyclin D1 up-
regulation depends on Shh signaling. In misexpression
experiments, we found that cyclins D1 and D2 both favor
cell cycle progression and prevents neural differentiation.
Maintenance of the G1 cell cycle regulator, cyclin D2, in the
caudal neural plate is part of the FGF8 posteriorizing
program
Several FGFs, including FGF8, are expressed in the
posterior region of vertebrate embryos (Bertrand et al.,
2000; Crossley and Martin, 1995), and posterior develop-
ment is impaired in mice with hypomorphic alleles of fgf8
(Meyers et al., 1998). Consequently, it has been proposed
that FGF signaling promotes the continuous development of
the posterior nervous system by maintaining a pool of neural
progenitors in the region of Hensen’s node in a ‘‘stem cell’’
status (Mathis et al., 2001). As previously described (see
Introduction), the FGF-dependent immature state is charac-
terized by high mobility of neural progenitor cells, expres-
sion of a specific combination of transcription factors, and
absence of neuronal differentiation (Bertrand et al., 2000; del
Corral et al., 2003; Diez del Corral et al., 2002; Mathis et al.,2001; Novitch et al., 2003; Stern et al., 1991; Storey et al.,
1998). Here, we have shown that FGF signaling maintains
cyclin D2 expression in the immature caudal neural plate,
integrating this G1-phase regulator in the FGF posteriorizing
program (cf. Fig. 8). We observe that deleting the mesoderm
has no effect on the most caudal cyclin D2 expression
possibly because the caudal neural plate expresses itself
high levels of FGF8. Wnt3a, known to positively regulate
cyclin D2 (Megason and McMahon, 2002) and which is
expressed in the caudal region of the embryo (Cauthen et al.,
2001), may also contribute to maintain cyclin D2.
The FGF signaling pathway has previously been impli-
cated in the control of proliferation in different encephalic
regions (Dono, 2003). For example, FGF2 increases the
proportion of dividing cells in embryonic rat cortex, thereby
leading to an increase in the size of the adult cerebral cortex
(Vaccarino et al., 1999). FGF8 and FGF17 regulate prolif-
eration and differentiation of mouse midline cerebellar
structures (Xu et al., 2000). Disrupting the fgf17 gene
decreases precursor cell proliferation in the medial cerebel-
lar anlage, a phenotype enhanced by loss of a copy of fgf8.
Interestingly, the premature decrease of FGF signaling in
these mutant embryos results in an accelerated rostromedial
progression of Purkinje cell differentiation. In the caudal
spinal cord primordium, neural progenitor cells are mitoti-
cally active and do not differentiate (Diez del Corral et al.,
2002; Sechrist and Bronner-Fraser, 1991). FGF signaling
maintains cyclin D2 expression in the caudal neural plate
region, and cyclin D-cdk4/6 complexes have been classi-
cally described to promote early G1 cell cycle progression, a
function relevant to the preservation of a proliferative
domain. Accordingly, the cdk6 kinase is expressed in the
caudal neural plate and neural groove regions (B.B., un-
published observation). Forced expression in the neural tube
of a dominant-negative form of cyclin D1, which forms
abortive complexes with cdk4/6 and thus titrates these
kinases, has been shown to reduce the expansion of neural
progenitors (Megason and McMahon, 2002). We show here
that maintenance of cyclin D2 in neural progenitors increases
the rate of proliferation while restraining neuronal differen-
tiation. Therefore, it is tempting to suggest that in the caudal
neural plate region, cyclin D2 is an effector of the FGF-
dependent immature state by maintaining spinal progenitors
in the cell cycle.
Activation of the G1 cell cycle regulator, cyclin D1, in the
neural groove depends upon Shh activity
Shh has previously been shown to promote cell prolifer-
ation via cyclin D up-regulation in several regions of the
CNS (Ruiz et al., 2002). Shh acts as a mitogen for cerebellar
granule cell precursors (Dahmane and Ruiz-i-Altaba, 1999;
Wallace, 1999; Wechsler-Reya and Scott, 1999) and cyclins
D1 and D2 are transcriptional targets mediating this mito-
genic response (Dahmane and Ruiz-i-Altaba, 1999; Kenney
and Rowitch, 2000; Kenney et al., 2003; Oliver et al., 2003;
Fig. 8. Integrating cell cycle regulators in a model for the maturation of the spinal cord primordium. (A) In the caudal neural plate, FGF signaling maintains
expression of cyclin D2 and restrains that of cyclin D1, directly or indirectly via down-regulation of Shh signaling (del Corral et al., 2003), thereby helping to
keep this region in an immature state. (B) In the neural groove, attenuation of FGF signaling has two consequences: activation of cyclin D1 expression, which
depends on Shh, and diminution of cyclin D2 expression. Experimentally prolonging expression of cyclins D2 and D1 inhibits neural differentiation. (C) After
neural tube closure, both cyclins are excluded from all but the most dorsal region of the neural tube, where they are possibly controlled by Wnt signaling
(Megason and McMahon, 2002). This restriction to the dorsal neural tube may contribute to the initiation of neuronal differentiation.
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Shh function impedes the growth of both ventral and dorsal
regions of diencephalon and midbrain by affecting prolifer-
ation in the corresponding primordia in early somite stage
embryos (Britto et al., 2002; Ishibashi and McMahon,
2002). These growth defects are associated with down-
regulation of cyclin D1 expression (Britto et al., 2002;
Ishibashi and McMahon, 2002). In these regions, it has
been proposed that Shh regulates cyclin D1 by inducing
relay signaling pathways that enhance the competence of
dorsal neural progenitors to respond to dorsally secreted
Wnt. We have observed that initiation of cyclin D1 expres-
sion in the neural groove depends on Shh. However, unlike
classical Shh target genes, which are found in the ventral
half of the neural tube, cyclin D1 is rapidly restricted to the
dorsal-most part of the neural tube. This dorsal expression
of cyclin D1 is apparently dependent upon Shh activity since
cyclopamine treatment resulted in the disappearance of
cyclin D1 transcripts throughout the neural tube. One
interpretation is that the dorsal expression of cyclin D1
involves a relay signaling pathway. A good candidate for
such a role is the Wnt/hcatenin signaling pathway. Indeed,
Wnt1 and Wnt3a both appear in the dorsal region of the
closing neural tube at the right time (Cauthen et al., 2001),
and this signaling pathway is known to control the growthof this region, in part, through transcriptional regulation of
cyclins D1 and D2 (Megason and McMahon, 2002).
In the vertebrate neural tube, the secreted protein Shh is
also crucial for the specification of ventral neuronal sub-
types (Briscoe et al., 2000). Shh acts as a morphogen on
ventral neural progenitors (Briscoe et al., 2000). Each
ventral neuronal subtype arises from a specific progenitor
domain defined by a precise combinatorial expression of
homeodomain (HD) proteins. Two sets of HD proteins have
been distinguished on the basis of their response to the Shh
signaling pathway: class I (Pax7, Pax6, Dbx1/2, and Irx3)
and class II (Nkx6 and Nkx2) proteins, which are repressed
and activated by Shh, respectively. These transcription
factors, which sign the onset of ventralization, appear in
the neural groove when the caudal transcriptional program
terminates. Indeed, FGF signaling exerts a potent repressive
effect on the class I HD proteins such as Pax6 and Irx3
(Bertrand et al., 2000; del Corral et al., 2003; Novitch et al.,
2003) and a weaker repression of class II HD proteins (del
Corral et al., 2003; Novitch et al., 2003), thus preventing the
caudal neural plate from expressing the ventralizing pro-
gram prematurely. Here we show that in the neural groove,
the FGF signaling pathway weakly represses cyclin D1
expression and that its activation is Shh dependent, a
mechanism of regulation reminiscent of class II HD proteins
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since FGF signaling has been shown to inhibit Shh activity
(del Corral et al., 2003). Hence, the embryo may keep one
of the G1 cell cycle regulators, cyclin D1, specifically under
the control of Shh to coordinate the proliferation and
patterning of the neural tube along the dorsoventral axis.
Controlling the balance between cell cycle progression and
differentiation via regulation of cyclins D1 and D2
Here we show that cyclin D2 is specifically up-regulated
by FGF signaling, while only cyclin D1 responds to Shh
signaling. This suggests that the embryo may control cell
cycle progression in discrete domains by regulating individ-
ual cyclins D via distinct signaling pathways. Is this specific
regulation merely to ensure the function of no matter which
cyclin D on time, or does it reflect the requirement for
distinctive functions characteristic of each cyclin? That
cyclins D may have redundant functions is already suggested
by two observations. Firstly, in the mouse embryo, cyclin D1
is predominantly expressed in the caudal neural plate,
whereas cyclin D2 appears in the neural tube, suggesting
that these cyclins are interchangeable in this particular region
in mouse and chick (Wianny et al., 1998). Secondly, in mice
expressing a single D-type cyclin, the remaining one was
found to be activated in the expression domain of the missing
cyclins, the only condition being to have the machinery to
up-regulate it (Ciemerych et al., 2002). The fact that cyclins
D1 and D2 increased the proliferation rate and inhibited
neuronal differentiation in our experiments suggest that both
cyclins are, at least in part, redundant in function.
In our misexpression experiments, both cyclin D favor
cell cycle progression while preventing neuronal differenti-
ation. However, neural progenitor cells that withdraw from
the cell cycle appear in the neural groove concomitantly
with cyclin D1 activation (Henrique et al., 1995; Sechrist
and Bronner-Fraser, 1991) and at later stages of spinal cord
development, in neural progenitors domains that express
cyclin D1 and/or cyclin D2 (Megason and McMahon, 2002;
V.L., unpublished observations). Cyclin-cdk complexes are
negatively regulated by cyclin-dependent kinase inhibitor
(CKI). Two classes of CKIs promote cell cycle exit by
reducing the amount of CDK activity in G1: the INK4
family (inhibitors of CDK4) specifically bind monomeric
CDK4/6 preventing cyclin D activation; the Cip/Kip family
members display a more broadly spectrum of inhibitory
activities binding several heterodimeric cyclin D-, E-, and
A-CDKs complexes (for reviews, see Ho and Dowdy, 2002;
Sherr and Roberts, 1999). Certain of these molecules have
been shown to play a key role coordinating cell cycle exit
and neural differentiation (for reviews, see Cunningham and
Roussel, 2001; Galderisi et al., 2003; Ohnuma and Harris,
2003; Ohnuma et al., 2001). One possibility is that during
spinal cord maturation, these CKIs appear in the neural
groove and persist in later stages of spinal cord development
explaining why neural progenitor cells begin to exit the cellcycle in the cyclin D domain. In our cyclin D overexpression
experiments, the CKIs effect is probably bypassed by the
accumulation of active cyclinD/CDK4/6 complexes, favor-
ing cell cycle progression rather than neural differentiation.
The balance between positive and negative regulators of G1
progression has to be tightly controlled to maintain a
sufficient pool of progenitors while allowing neuronal
differentiation to proceed in time. Here we showed how
the embryos maintain proliferating neural progenitors in
discrete domains; the challenge is now to integrate the
negative regulators of the G1 progression contributing to
neural differentiation in the maturating spinal cord.Acknowledgments
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